
Type IV Pili of Streptococcus sanguinis Contribute to
Pathogenesis in Experimental Infective Endocarditis

Anthony M. Martini,a Bridget S. Moricz,a Laurel J. Woods,a Bradley D. Jonesa,b*

aDepartment of Microbiology and Immunology, University of Iowa Carver College of Medicine, Iowa City, Iowa, USA
bGraduate Program in Genetics, University of Iowa, Iowa City, Iowa, USA

Anthony M. Martini and Bridget S. Moricz have contributed equally to this article. Author order was determined by project conception and seniority.

ABSTRACT Streptococcus sanguinis is a common cause of infective endocarditis (IE).
Efforts by research groups are aimed at identifying and characterizing virulence fac-
tors that contribute to the ability of this organism to cause IE. This Gram-positive
pathogen causes heart infection by gaining access to the bloodstream, adhering to
host extracellular matrix protein and/or platelets, colonizing the aortic endothelium,
and incorporating itself into the aortic vegetation. While many virulence factors have
been reported to contribute to the ability of S. sanguinis to cause IE, it is noteworthy
that type IV pili (T4P) have not been described to be a virulence factor in this orga-
nism, although S. sanguinis strains typically encode these pili. Type IV pili are molec-
ular machines that are capable of mediating diverse virulence functions and surface
motility. T4P have been shown to mediate twitching motility in some strains of S.
sanguinis, although in most strains it has been difficult to detect twitching motility.
While we found that T4P are dispensable for direct in vitro platelet binding and
aggregation phenotypes, we show that they are critical to the development of plate-
let-dependent biofilms representative of the cardiac vegetation. We also observed
that T4P are required for in vitro invasion of S. sanguinis into human aortic endothe-
lial cells, which indicates that S. sanguinis may use T4P to take advantage of an intra-
cellular niche during infection. Importantly, we show that T4P of S. sanguinis are crit-
ical to disease progression (vegetation development) in a native valve IE rabbit
model. The results presented here expand our understanding of IE caused by S. san-
guinis and identify T4P as an important virulence factor for this pathogen.

IMPORTANCE This work provides evidence that type IV pili produced by Streptococcus
sanguinis SK36 are critical to the ability of these bacteria to attach to and colonize the
aortic heart valve (endocarditis). We found that an S. sanguinis type IV pili mutant strain
was defective in causing platelet-dependent aggregation in a 24-h infection assay but
not in a 1-h platelet aggregation assay, suggesting that the type IV pili act at later stages
of vegetation development. In a rabbit model of disease, a T4P mutant strain does not
develop mature vegetations that form on the heart, indicating that this virulence factor
is critical to disease and could be a target for IE therapy.

KEYWORDS Streptococcus sanguinis, bacterial pathogenesis, infective endocarditis,
motility, platelet adherence, platelet aggregation, rabbit model, type IV pili

Infective endocarditis (IE) is a microbial infection of the endocardium and is predomi-
nantly caused by Gram-positive bacteria of the genera Streptococcus, Staphylococcus, and

Enterococcus (1). Colonization of the endocardium results in the development of a vegeta-
tive mass composed of microorganisms and host factors, which is typically located on the
heart valve. In both developed and developing nations, morbidity and mortality associated
with IE remains high despite decades of medical advancement (2–4). Clinical management
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of IE is complicated by the range of predisposing conditions and variety of etiological
pathogens that cause this disease, while nonspecific symptoms often delay diagnosis (5,
6). Although the advent of surgical intervention has significantly improved patient out-
comes, effective therapeutic and diagnostic tools are still unavailable in developing regions
of the world. As little progress has been made toward prevention of this life-threatening
infection, it continues to be a high priority to develop effective therapies for IE (7, 8).

Streptococcus sanguinis is a pioneering oral commensal associated with good oral
health, but it also behaves as an opportunistic pathogen when the organisms gain
access to the bloodstream. Along with other oral streptococci, these microorganisms
are responsible for an estimated 20% of IE cases worldwide (1, 9). In developing areas
of the world, where rheumatic heart disease is a common predisposing condition,
these organisms are particularly prevalent and often difficult to diagnose and treat (3).
The ability of oral streptococci to cause IE is associated with their capacity to bind and
activate platelets, adhere to host tissues and extracellular factors, and to synthesize
exopolysaccharides (EPS) (10–15). While a subset of pathogenic determinants is shared
among species, it is clear that different species possess unique factors that confer dis-
tinct pathogenic potentials (16). Notably, S. sanguinis has been identified as one of the
most common species in streptococcal IE (17–19).

A unique characteristic of S. sanguinis, in contrast to other oral streptococci, is that
they can exhibit twitching motility on agar plates mediated by polar fimbriae (20). This
motility phenotype was originally associated with agglutination of red blood cells, but
it has no impact on competence or transformation (20–22). As in other bacterial
species, twitching motility is mediated by type IV pili (T4P), which are long, surface-
exposed filaments composed of polymerized pilin subunits (23–25). Aside from media-
ting motility, T4P function as virulence factors in many other bacteria where they facili-
tate host cell interactions and contribute to biofilm formation, as well as activation of
inflammatory pathways (26–29).

Recently, the molecular machinery responsible for motility in S. sanguinis was char-
acterized, and nearly all sequenced S. sanguinis species have been found to carry genes
encoding T4P (30). This work identified the presence of both known molecular compo-
nents previously characterized in other T4P systems and novel features of the S. sangui-
nis system. Figure 1 shows a schematic of T4P assembly (Fig. 1A) and the T4P gene
locus (Fig. 1B). A retraction ATPase, PilT, mediates surface motility by depolymerizing
pili filaments and generating tension force (23). Encoded along with PilT are several
proteins conserved in T4P biosynthesis. These include two or three major pilus subu-
nits (PilE1, PilE2, and PilE3) as well as three minor subunits (PilA, PilB, PilC), which are
processed by PilD, a prepilin peptidase. Filament assembly is performed by the traffic
ATPase, PilF, via polymerization of the PilE subunits. S. sanguinis mutants in pilF, pilD,
or a double mutant in both pilE genes are nonpiliated; interestingly, mutants in only
one of the pilE genes (E1 or E2 in strain 2908) produced filaments composed of the
other PilE isotype (30). Some T4P genes are dispensable for surface expression of T4P,
although mutants in those genes do not exhibit macroscopic twitching motility; this
includes strains with mutations in pilT, pilI, pilJ, and pilK. The latter three genes encode
proteins of unknown function and have not been described for T4P in Gram-negative
species.

Given the relatively recent characterization of this T4P system in S. sanguinis, few
contemporary studies have evaluated the contribution of T4P to virulence in a disease
model. Notably, a recent publication reported the contribution of T4P to epithelial cell
adherence and in vitro biofilm formation (31). The authors additionally describe carbon
catabolite repression (CcpA)-dependent regulation of the T4P operon and demonstrate
the production of type IV filaments. Another study described regulation of the retrac-
tion ATPase, pilT, via a specific CiaRH-controlled small RNA, which also modulated bio-
film formation (32). Because of the relative lack of understanding of T4P in Gram-posi-
tive species, our primary goal in these studies was to characterize the virulence
potential of T4P in S. sanguinis, and we hypothesized that their activity would be
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essential to disseminated disease such as IE. While these prior studies suggested a
functional role for T4P in S. sanguinis, it is interesting to note that the two strains used,
SK36 and ATCC 10556, respectively, had previously been determined to be nonmotile
and nonpiliated. Indeed, early studies observed that some S. sanguinis encoding T4P
nonetheless failed to exhibit twitching motility (20, 21), and a previously published
effort to isolate pili from strain SK36 failed (30). Considering these disparities, an addi-
tional goal of our work was to evaluate whether T4P are either nonfunctional or differ-
entially regulated in some S. sanguinis strains, most notably the commonly studied IE
strain, SK36.

In this report, we confirm that T4P are produced by SK36 and that they can
mediate platelet-bacteria interactions (platelet-dependent biofilm formation) at
later stages of aggregate formation. We also observed that T4P are required for
entry into aortic endothelial cells, which could promote inflammation and allow
long-term persistence of the bacteria at the site of primary endothelial damage
during infection. Importantly, we provide clear evidence that the T4P of S. sanguinis
are essential to vegetation development and pathogenesis in a rabbit model of
native valve infective endocarditis. Further, we present evidence that the in vitro
platelet interactions that we observe are mediated by the metal-ion-dependent

FIG 1 Type IV pili in S. sanguinis SK36. (A) Model of T4P filament assembly in S. sanguinis, with PilB localized to the end of the filament based on structural
modeling by Raynaud et al. (66). PilACIJK are not shown due to unknown function or localization. Image created with BioRender. (B) Genes involved in T4P
biogenesis in monoderm bacteria, adapted from Pelicic (55). Known or predicted functions are indicated below the operon. Genes of the same color are
predicted to encode proteins of similar function, while those colored in white have no identified homologous counterparts in other species. An asterisk
indicates genes dispensable for filament assembly but essential for functional motility.
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adhesion site (MIDAS) domain of PilB. Our results indicate that S. sanguinis T4P are
an important virulence factor in IE.

RESULTS
S. sanguinis SK36 produces detectable type IV pilus proteins. Almost 50 years

ago, published observations of twitching motility in S. sanguinis described heterogene-
ity among strains in their ability to exhibit colony spreading and produce the associ-
ated filaments (20, 21). Recently published work found that S. sanguinis strains SK36
and ATCC 10556 were both nonmotile in surface motility assays (30, 32), and efforts to
detect pili on the surface of SK36 were unsuccessful (30). Although T4P could not be
identified on the surface of SK36 in these studies, other work using immunogold sur-
face labeling did detect the presence of T4P on SK36 (31).

Consistent with these results, our group, using PAGE and Coomassie staining, iden-
tified pilin subunits produced by S. sanguinis SK36 when grown to late stationary phase
(Fig. 2A). Pili were not detectable in an isogenic SK36 DpilF mutant, which is predicted
to be nonpiliated due to the inability of this mutant to extend pilin outside of the cell,
when grown under the same conditions as the wild-type (WT) strain. Due to the rela-
tively low quantity of pili isolated from SK36 compared to that of a type IV pili-positive
control S. sanguinis 2908 strain, we utilized a colloidal staining approach to increase
sensitivity. Under these conditions, we could detect pili in late exponential/early sta-
tionary phase (optical density at 600 nm [OD600] =;1.0) but still observed an increased
concentration of pili after more than 16 h of growth into stationary phase (OD600 =
;1.3). (Fig. 2B). In contrast to strain SK36, the previously characterized strain 2908 pro-
duced high quantities of T4P regardless of growth phase. To facilitate future investiga-
tions, we commissioned the production of peptide-generated, polyclonal antibodies
targeted toward the major pilin subunits of S. sanguinis SK36. Immune serum targeted
toward PilE2 produced the strongest response (data not shown) and effectively distin-
guished between the WT and nonpiliated DpilF mutant by Western blotting after 24 h
of growth (Fig. 2C). Preimmune serum did not produce a response (data not shown).

FIG 2 S. sanguinis SK36 produces T4P regulated by growth phase and detectable by immunoblotting.
(A) R250 Coomassie staining for sheared T4P from S. sanguinis strains SK36 and 2908 and their
isogenic DpilF mutants grown for 24 h in TH. (B) Colloidal G250 Coomassie staining of sheared SK36
and 2908 pili at different time points (red box). The 8-h time point denotes an OD600 of ;1.0
(generally 8 h), while 16- and 24-h time points were normalized to an OD600 of 1.0 at the specified
time postinoculation and then pelleted to ensure a comparable number of bacteria were processed.
(C) Immunoblot of sheared pili (PilE) from SK36 and the DpilF mutant at 24 h. (D) Immunoblot of
sheared pili from DpilB, MIDAS, and complementation strains. Results shown are representative of at
least two independent experiments. Molecular weights (kDa) are indicated to the left of each image.
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Using a chromosomal complementation method to account for possible off-target
mutations, we also demonstrate that reintroduction of the pilF gene via genomic cross-
over into the DpilFmutant restores T4P production (Fig. 2D).

Strain SK36 exhibits twitching motility on blood agar. A recently published
report described the production and detection of T4P in SK36, but the authors were
unable to detect twitching motility under any tested condition (31). Based on observa-
tions in our laboratory, and consistent with the role of twitching-based motility in
other bacteria, we hypothesized that S. sanguinis T4P-mediated motility is repressed,
or uninduced, by laboratory plating conditions on standard media. After reviewing
conditions used in the earliest observations of S. sanguinis twitching motility (20, 21,
33, 34), we developed a microaerobic surface agar assay using Levinthal’s medium
base supplemented with 5% defibrinated sheep blood. These assay conditions repro-
ducibly produced twitching motility in strain 2908 (data not shown), which is known to
display twitching motility (30). The development of twitching motility in SK36 appears
reliably after one to two passages on plates and was not dependent on iron concentra-
tion (Fig. 3). Iron was investigated as a regulatory signal since preliminary work sug-
gested it might play a role. Importantly, twitching motility was never observed in the
isogenic DpilF mutant even after three passages and extended growth time (data not
shown). Complementation by reintegration of the pilF gene into the chromosome of
the DpilF mutant resulted in development of twitching motility similar to the parent
strain (see Fig. S1 in the supplemental material).

Additionally, we wished to confirm that genetic disruption of SK36 T4P would abro-
gate twitching motility observed in the previous experiments. To this end, we isolated
single colonies of motile SK36 WT described in Fig. 3 and transformed the DpilF muta-
tion into these strains. Ten colonies across three independent experiments were muta-
genized, and all 10 colonies were observed to lose twitching motility under permissive
plate conditions; representative images from two independent colonies are shown in
Fig. S2 in the supplemental material. Together, these data indicate that S. sanguinis
SK36 produces functional T4P capable of mediating surface motility and that this phe-
notype is lost in a DpilF mutant. Further, the development of twitching motility can be
restored by chromosomal complementation. This corroborates recent work identifying

FIG 3 Twitching motility of SK36 when cultured on blood agar in the presence of excess (100 mM
FeCl2), standard (0.3 mM dipyridyl 1 100 mM FeCl2), or limited iron (3 mM dipyridyl). Plates were
made with 5% sheep blood and 80% Levinthal’s medium base. Passaging of cultures was performed
by scraping the outer edge of the colony with a sterile toothpick and restreaking organisms for
isolation. Each passage was incubated for 4 days at 37°C in a candle jar containing sterile water at
the bottom to provide humidity. Results shown are representative of at least three independent
experiments.
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T4P on the surface of SK36 and expands this observation by demonstrating T4P func-
tion using a classical in vitro phenotype (31).

Type IV pili are dispensable for in vitro platelet adherence and aggregation. As
in vitro experiments demonstrated that T4P could mediate twitching motility on plates,
and T4P have been shown to mediate a variety of virulence interactions in other bacte-
ria (25, 28, 29, 35–37), we examined whether S. sanguinis SK36 T4P play a role in plate-
let adherence and aggregation, which are integral steps in bacterial endocarditis. We
recently used these types of experiments to identify S. sanguinis genes important for
platelet interactions and vegetation formation in heart infections (38). For these experi-
ments, we compared SK36 as the wild-type parent strain and the isogenic DpilFmutant
that have not been passaged on blood agar. We tested the ability of the SK36, SK36
DpilF, and SK36 DpbrA (a nonadhering/nonaggregating control strain) strains (38) to
bind to human platelets. To account for differences between platelet donors, we calcu-
lated the mutant adherence level relative to the WT. As shown in Fig. 4A, both the WT
and DpilF mutant strain had similarly high levels of platelet adherence while the DpbrA
mutant had significantly reduced levels (;20%) of adherence to human platelets, as
expected. In the platelet aggregation assay, similar results were observed. As seen in
Fig. 4B, the WT and DpilF mutant strain exhibited comparable levels of platelet aggre-
gation while the DpbrA mutant had virtually no detectable aggregation of human pla-
telets under these conditions.

Type IV pili mediate internalization, but not adherence, of human aortic
endothelial cells. As no phenotype was associated with the DpilF mutant in platelet
adherence or platelet aggregation assays, we examined the interactions of the DpilF
strain with immortalized human aortic endothelial cells (iHAECs) (Fig. 5) (39). Although
the uninjured endothelium is an unlikely site of primary attachment and colonization,
as evidenced by the difficulty of inducing IE in healthy animals (40–42), it has been
hypothesized that later interactions contribute to IE pathogenesis by providing a pro-
tected intracellular niche for the organisms during vegetation formation (43).
Employing an adherence assay, we observed no difference in adherence of WT SK36
and the DpilF mutant following incubation with iHAECs for 3 h (Fig. 5A). However, we
did observe a significant decrease in invasion recovered from iHAECs of the DpilF mu-
tant compared to that of WT SK36 as measured in a standard gentamicin invasion
assay (Fig. 5B). A chromosomal pilF complement exhibited a phenotype statistically

FIG 4 T4P are not required for in vitro platelet binding or in vitro platelet aggregation. (A) Binding of immobilized bacteria to
human platelets. Bacteria were first adhered to the tissue culture well surface, wells were blocked with BSA, and human platelets
were added to the wells to allow binding to the bacteria. Adherence shown is relative to WT and is correlated with acid
phosphatase released from attached platelets in an acid phosphatase assay, with pNPP as substrate. (B) Aggregation of human
platelets was measured by light transmission aggregometry using a modified microtiter plate assay. The DpbrA strain was
included in both sets of experiments as a control for both decreased platelet adherence and platelet aggregation. Two
independent experiments with two different donors were performed for each panel. Platelet adherence was analyzed by one-way
ANOVA (A) and was analyzed by two-way ANOVA (B), both corrected for multiple comparisons by the method of Dunnett. *,
P , 0.05. Error bars represent the standard deviation.
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similar to the WT, indicating that an intact pilF operon is necessary for this phenotype.
This result suggests that T4P contribute to entry into endothelial cells, which may have
important implications in the pathogenesis of infective endocarditis. Growth control
experiments revealed neither significant bacterial growth in tissue culture medium

FIG 5 T4P are required for invasion of iHAECs but are dispensable for adherence to iHAECs. (A)
Adherence of S. sanguinis SK36 or DpilF mutant to iHAECs. Bacteria were mixed in a ratio of 50:1
(bacteria/iHAECs) and allowed to bind to the iHAEC surface for 3 h. Wells were washed to remove
planktonic bacteria before lysing and plating dilutions of cell-associated bacteria to quantitate
adherence levels. (B) Invasion of S. sanguinis SK36 or DpilF mutant into iHAECs. Bacteria were mixed
in a ratio of 50:1 (bacteria/iHAECs) and allowed to interact with the cells. At the end of 3 h, wells
were washed three times, and the M200 medium was replaced with fresh M200 medium
supplemented with 100 mg/ml of gentamicin for 1 h. Subsequently, the cells were washed three
times, lysed, and dilutions were plated to quantitate intracellular CFU. (C) Representative invasion of
iHAEC cells by complementation strains and the DpilB/MIDAS mutants relative to WT invasion,
performed as in panel B. Percent adherence and invasion were determined by contrasting the CFU
observed following the assay to the CFU observed from plating the inoculum. At least two
independent experiments were performed for panel A, and three independent experiments were
performed for panel B. At least five independent experiments were performed for panels C and D.
Statistical analysis was performed using two-tailed, unpaired t tests for panels A and B. Panels C and
D were analyzed via one-way Brown-Forsythe and Welch ANOVA corrected for multiple comparisons
by the method of Dunnett’s T3 test. *, P , 0.05. Variance of the WT was determined by normalizing
within-experiment replicates to one relative value for each independent experiment. Error bars
represent the 95% confidence interval.
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over the time course of the experiment nor any difference in gentamicin susceptibility
between mutant strains and WT (data not shown).

While this manuscript was in preparation, the minor pilin PilB was described to con-
tain a von Willebrand factor A-like domain (vWA) (44). This domain is known to medi-
ate adherence to a variety of ligands including eukaryotic cells and extracellular matrix
molecules (ECM) (45). Further, the vWA domain contains a metal ion-dependent adhe-
sion site (MIDAS) domain that has been shown to be critical for virulence in other
organisms (46). Therefore, we also created both an S. sanguinis DpilB mutant and an S.
sanguinis MIDAS domain mutant in the pilB gene to test in our invasion assay. The
MIDAS domain mutant contains three amino acids substitutions in the DXSXS motif
that directly bind the metal ion necessary for adhesion of other molecules (45, 47).
Similar to the DpilF mutant, we observed a significant decrease in bacterial recovery
following invasion of iHAECs in both the DpilB and MIDAS mutants (Fig. 5D) while no
difference was observed in adhesion of iHAECs (Fig. 5C). Importantly, complementation
of the DpilB mutant restored the invasiveness of the strain for iHAEC cells to WT levels.
To determine whether the pilB mutation impacted downstream transcription, we per-
formed reverse transcriptase PCR (RT-PCR) on the pilC gene, which is immediately
downstream from pilB. We observed similar levels of pilC transcript between the DpilB
mutant and WT (data not shown). We also confirmed that the DpilB and MIDAS muta-
tions did not cause a general disruption of T4P production, as we could still detect the
structural PilE subunits by Western blotting in these mutants (Fig. 2D), indicating that
the simplest explanation for our data is that the PilB subunit is the T4P adhesin and
that the MIDAS domain is the region of the PilB subunit mediating adherence.

Platelet-dependent biofilm formation requires type IV pili. T4P are known to
contribute to biofilm formation in various bacterial species (26, 48), but the application
of in vitro microtiter biofilm assays to IE virulence is not always clear (49, 50). We there-
fore sought to determine whether T4P of S. sanguinis could contribute to biofilm devel-
opment in an environment that also includes human platelets. Platelet-dependent
biofilms resemble vegetations developed during IE and have been successfully repro-
duced in vitro (51–53). WT SK36 incubated with platelet-rich plasma (PRP) from healthy
human donors consistently produced biofilms of significant biomass compared to
those of the DpilF mutant or platelet-poor plasma (PPP) control (Fig. 6). Due to variabil-
ity observed among random platelet donors, the data from these experiments is pre-
sented both as a representative experiment (Fig. 6A) and as standardized data in which
SK36 platelet-dependent biofilm formation was arbitrarily set to 100% so that each
experiment could be compared to each other, despite blood donor variations (Fig. 6B).
These experiments reproducibly demonstrated that the DpilF, DpilB, and MIDAS do-
main mutations induced ;35 to 40% of platelet-dependent biofilm formation com-
pared to WT (100%), and complementation of each of the mutations restored the phe-
notype to WT levels. These data indicate that both an intact pilF operon and a
functional pilB gene with an intact MIDAS domain are necessary to induce platelet-de-
pendent biofilm or aggregation.

To explore this phenotype in more depth, we performed experiments with ADP, a
platelet aggregation agonist, and aspirin, a platelet function inhibitor of aggregation.
The WT strain assayed in the presence of ADP generally produced biofilms of greater
biomass than those without, but this was not determined to statistical significance. In
contrast, a DpilF mutant grown with ADP-stimulated platelets did not produce biofilms
of greater biomass (Fig. 6C). Conversely, WT strains grown in the presence of aspirin
produced biofilms of significantly less biomass compared to those grown in its ab-
sence, while the DpilF strain produced biofilms of similar low biomass regardless of the
presence of aspirin (Fig. 6C).

T4P pili are critical for pathogenesis in experimental infective endocarditis. To
determine whether the in vitro phenotypes that we observed for the T4P would trans-
late to in vivo virulence phenotypes, we performed infection experiments with the
nonpiliated DpilF mutant in a New Zealand White rabbit model of left-sided native
valve IE (54). We have previously demonstrated the efficacy of this model to investigate
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IE caused by S. sanguinis and its resemblance to human disease (38). Rabbits infected
with the DpilF mutant were observed to develop cardiac vegetations of significantly
smaller size (median 3 mg/vegetation) than those of the WT (median 100 mg/vegeta-
tion) (Fig. 7A and B). Lesions present in mutant-infected rabbits largely resembled
thrombi expected from catheter-induced aortic damage (i.e., small platelet-fibrin
aggregates at sites of endothelial injury; see Werdan et al. (43) for a discussion of
native-valve colonization and IE progression) rather than the expansive pathological
lesions caused by WT SK36 colonization, suggesting that the S. sanguinis DpilF mutant
is unable to induce vegetation development in the rabbit model of endocarditis
(Fig. 7A). Valve surfaces and lesions in the mutant-infected rabbits also contained sev-
eral logs fewer bacteria than the WT, indicating limited bacterial presence (Fig. 7C).
Importantly, in vitro growth of the DpilF mutant in rabbit serum was not different from
that of the WT (see Fig. S3 in the supplemental material), indicating that these differen-
ces are not due to increased sensitivity to serum or altered in vivo growth kinetics.
These results demonstrate that T4P are essential for the S. sanguinis endocarditis strain
SK36 to develop large vegetations during disease. Additionally, spleens from these

FIG 6 T4P contribute to platelet-dependent biofilm formation and function independently of platelet aggregation.
Overnight bacterial cultures were diluted into a 1:1 mixture of TH/PRP and grown for 24 h in an anaerobic chamber
at 37°C. Total biomass representing both bacterial and platelet factors were washed, heat fixed, and stained with
crystal violet. (A) Representative biomass development in both PRP and PPP from two independent experiments. (B)
Relative platelet-dependent biofilm formation in PRP. Values are from seven independent experiments. (C) Effects of
ADP and aspirin on platelet-dependent biofilm formation. At least three independent experiments were performed.
Statistical analysis in panel A was performed using one-way ANOVA corrected for multiple comparisons by the
method of Sidak. Data in panels B and C were analyzed via one-way ANOVA corrected for multiple comparisons by
the method of Dunnett. *, P , 0.05. Error bars represent the 95% confidence interval.
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FIG 7 Disease pathology of infective endocarditis is significantly attenuated in rabbits infected with the DpilF mutant. (A)
Representative images of cardiac vegetations from WT (left) and DpilF mutant (right) rabbits with lesions encircled. (B) Vegetation
sizes from experimental rabbits. All except one rabbit infected with WT developed vegetations greater than 20 mg; no vegetations
larger than 10 mg were observed in rabbits infected with the DpilF mutant, with the average being 3.5 mg. (C) CFU recovered from
cardiac lesions or the valve surface are significantly different between WT and mutant strains. (D) Rabbits infected with the mutant
strain experienced significantly less splenomegaly as measured by spleen weight. Means for vegetation size and CFU are geometric.
Statistical analysis was performed using Mann-Whitney. *, P , 0.05. Error bars represent the 95% confidence interval. Two additional
data points for the WT strain are present due to the hearts of two rabbits being sent for histology; vegetations from these rabbits
were thus not able to be quantified during necropsy. (E) Pathology of distal organs is not significantly different between WT and the
DpilF mutant. Gross pathology of the kidney, liver, and lungs from infected rabbits scored by a previously described scale (38).
Organs were scored by three blinded investigators. The SK36 DpilF mutant did not exhibit distinct organ pathology compared to WT.
Kidneys and liver exhibited moderate pathology on average, characterized by rare, small lesions evident on the surface. By contrast,
lungs generally exhibited more severe pathology characterized by multifocal hemorrhaging and necrosis evident on one or both
lobes. Statistical analysis was performed using unpaired, two-tailed t tests. Error bars represent the 95% confidence interval.
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animals exhibited significantly reduced size (Fig. 7D), consistent with a reduced bacte-
rial burden. Finally, we examined gross pathology in the kidneys, liver, and lungs.
There was little detectable pathology observed in distal organs, and there was no sig-
nificant difference in pathology scores between rabbits infected with WT SK36 and the
DpilFmutant (Fig. 7E).

DISCUSSION

Type IV pili are versatile bacterial structures that function in a wide range of micro-
bial processes. The roles played by T4P in Gram-negative physiology and virulence
have been explored in detail, but the functions of T4P in Gram-positive organisms are
only beginning to be appreciated (23, 26, 55). Indeed, even though twitching motility
in S. sanguinis was first observed in 1975 (20), it took over 40 years for this phenom-
enon to be genetically characterized and demonstrated to be mediated by T4P (30).
Although substantial progress has been made in defining the molecular mechanisms
and assembly of this system in S. sanguinis (31, 32, 44), the role of T4P in S. sanguinis
endocarditis has not been described previously.

Our work here identifies T4P as another significant S. sanguinis endocarditis virulence
factor, as we have demonstrated that T4P of S. sanguinis are critical for the pathogenesis
(development of cardiac vegetations) observed in a native valve rabbit model of IE
(Fig. 7). Furthermore, in vitro experiments identify possible mechanisms by which T4P
may contribute to aortic heart valve infections. We found that a nonpiliated DpilFmutant
of S. sanguinis SK36 adhered as well as the WT to iHAECs (Fig. 5A) but exhibited reduced
intracellular infection of the same cells (Fig. 5B), which we attribute to a reduction in
invasion. It is possible that greater numbers of internalized bacteria are present in the
DpilF mutant due to differences in killing, but we consider this possibility remote due to
the short incubation time during gentamicin treatment and previous observations on
internalized oral streptococci (56). Invasion of endothelial cells is hypothesized to pro-
mote inflammation and persistence during disease (43), suggesting S. sanguinis—a typi-
cally extracellular bacteria—could take advantage of an intracellular environment to
evade host immunity, promote inflammation, and prolong colonization in the circulating
system. The direct contribution of these mechanisms to disease progression will be
assessed in future research efforts.

Platelet-dependent biofilm formation (a model for vegetation development) was
significantly reduced in a DpilF mutant compared to WT (Fig. 6A and B), indicating a
potential role for T4P in vegetation development. Our results also indicate that T4P do
not play a critical role in the early interactions of platelet binding and aggregation in
endocarditis but rather at later stages, following aggregation. ADP-induced platelet
activation fails to rescue biofilm development in the DpilF mutant (Fig. 6C), suggesting
a specific role for T4P in modulating the development of platelet-dependent biofilms
since platelets are induced to aggregate under this condition. Furthermore, the ability
of aspirin to suppress platelet-dependent biofilm formation (Fig. 6C) demonstrates the
requirement of platelet aggregation in the T4P-mediated events of biofilm formation.

Recently published work has identified the presence of a vWA domain in the minor
pilin subunit, PilB (44). The normal physiological role of von Willebrand factor protein is
in hemostasis, where it initiates binding to platelets via the type A1 domain and GPIb
platelet receptor under high shear stress (57, 58). This interaction is known to be a critical
component of IE pathogenesis (59–63), suggesting that this binding activity may be the
contribution of T4P to vegetation development and disease. Interestingly, previous
research has also established that S. sanguinis SrpA interaction with platelets is similarly
mediated through GPIb via sialic acid residues (64), but this interaction occurs most effi-
ciently under low-shear conditions (65). Although we did not observe a contribution for
T4P in binding to platelets or aortic endothelial cells under static conditions (Fig. 5 and
6), we hypothesize that PilB could mediate attachment to a developing thrombus on
damaged endothelium under high-shear flow conditions. Similarly, binding to GPIb via
the MIDAS domain (47) could provide a scaffold to develop the vegetation following
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attachment and colonization. Indeed, we observed a loss of platelet-dependent biofilm
formation in both the DpilB and MIDAS mutants (Fig. 6B), indicating that this domain of
PilB mediates interactions with platelets. In addition, this domain also appears to medi-
ate interactions that facilitate bacterial invasion of endothelial cells (Fig. 5D).

While this manuscript was being revised, another group published a structural and
functional characterization of the PilB protein and associated MIDAS domain in the S.
sanguinis strain 2908 (66). Consistent with our observations, they report functional
interaction between the MIDAS domain and epithelial (Chinese hamster ovary) cells, as
well as binding to the host matrix molecules fibrinogen and fibronectin (66). However,
in contrast to our observations, we did not observe any clear impairment of twitching
motility in either the pilB or MIDAS mutants of strain SK36. Further, we were able to
successfully delete the pilB gene in SK36 without loss of filament production, in con-
trast to previous results in strain 2908 from the same group (30). Possible explanations
for these apparent discrepancies include genetic differences between the strains, dif-
ferences in assay conditions, and mutagenesis strategies. Despite these contrasts, the
pilB gene, and more specifically the MIDAS domain, of SK36 similarly possesses func-
tional properties related to interaction with human aortic endothelial cells and plate-
lets. Whether these in vitro functions translate to in vivo virulence will require addi-
tional investigations.

In studies aimed at understanding T4P production and function, we found that S. san-
guinis SK36 both produces T4P (Fig. 2) and is capable of twitching motility following pas-
sage on blood agar plates (Fig. 3). The functional contribution of S. sanguinis SK36 T4P to
disease, in a strain that does not easily express T4P motility, suggests that macroscopic
surface motility is a T4P activity that does not necessarily correlate with the virulence
properties of T4P. Consistent with this hypothesis, SK36 isolated from cardiac vegeta-
tions following experimental IE do not exhibit surface motility comparable to strains pas-
saged on blood agar (compare Fig. S4 in the supplemental material and the rightmost
panels of Fig. 3). Interestingly, although our experiments indicate that iron does not
modulate twitching motility under these conditions (Fig. 3), another group recently
observed reduced expression of pilF, pilT, and other genes in the T4P operon upon
depletion of manganese (67). Along with prior work demonstrating the importance of
manganese in the virulence of S. sanguinis (68), these results suggest that the acquisition
of manganese and/or other ions by SsaB could contribute to the regulation of T4P.

The S. sanguinis virulence strategy for IE is dependent, like many oral streptococci,
on its broad multicomponent adhesive properties for human platelets (11, 12, 69) and
extracellular matrix molecules (70). Some early evidence suggested a role for conven-
tional biofilm processes, such as EPS production (13, 71), in disease, but a direct corre-
lation between in vitro biofilm formation and pathogenesis has not been corroborated
in subsequent work (72). More recent work has added significant detail to this model,
and multiple investigations have also defined integral redox processes as critical to IE
pathogenesis (68, 73, 74). In addition, several virulence factors mediating interactions
with platelets and expected to function in the earlier stages of disease (38, 64, 75) or as
being immunosuppressive (76) have been identified and characterized in greater
detail. Based on the work presented here, we hypothesize another layer to this model
whereby factors such as T4P contribute directly to vegetation development and matu-
ration at later stages of disease. Mechanistic studies are under way in our laboratory to
further evaluate this prospect.

Taken together, our data demonstrate that T4P of S. sanguinis are a critical virulence
factor in native valve infective endocarditis and contribute to pathogenesis through
the development of cardiac vegetation. Furthermore, our data indicate that the MIDAS
domain of PilB is responsible for mediating this interaction with human platelets. It is
also possible that through invasion of aortic endothelial cells and intracellular persist-
ence T4P contribute to persistent inflammation and recruitment of host factors; how-
ever, the contribution of intracellular persistence to IE pathogenesis still needs to be
tested experimentally. We have also demonstrated that T4P mediate twitching motility

Martini et al.

Volume 9 Issue 3 e01752-21 MicrobiolSpectrum.asm.org 12

https://www.MicrobiolSpectrum.asm.org


in S. sanguinis SK36, which contrasts with previous reports (30, 31). Our results indicate
that virulence and disease phenotypes mediated by T4P in S. sanguinis exist independ-
ently from twitching motility observed on agar plates.

MATERIALS ANDMETHODS
Bacterial strains and growth conditions. S. sanguinis strain SK36, a human dental plaque isolate

(77), was generously provided by Mark Herzberg (School of Dentistry, University of Minnesota). Routine
culturing was performed at 37°C under stationary conditions in Todd-Hewitt broth (TH) (Dot Scientific,
Burton, MI) or on brain heart infusion (BHI) (Research Products International [RPI], Mt. Prospect, IL) sup-
plemented with 1.5% agar (BD; Becton, Dickinson and Company, East Rutherford, NJ) (referred to here
as BHA) in an atmosphere containing 5% CO2. Anaerobic experiments were performed in an anaerobic
chamber (Coy Laboratory Products) with an atmosphere of 10% H2, 5% CO2, and 85% N2. For a list of
strains used in this study, see Table 1.

Construction of mutant strains. Primers used for mutagenesis are listed in Table 2. The DpilF mu-
tant was constructed using previously described methods (30), using an erythromycin resistance gene
cassette for gene replacement instead of a spectinomycin cassette. The DpilB and MIDAS mutants were
transformed directly with a counterselectable pheS*-kan system previously described for S. sanguinis
(78). Transformants were selected on BHA supplemented with 500 mg/ml of kanamycin and then PCR
screened for the presence of the cassette using the listed upstream F1 and downstream R3 primers. The
DpilB::pheS*-kan strain was independently transformed with different SOE PCR products to yield either a
clean DpilB mutant expressing the first 2 and last 10 amino acids or an altered MIDAS domain where res-
idues D304, S306, and S308 were mutated to alanines. The pheS*-kan construct was assembled and
mutagenized using previously described methods (79, 80). Complementation of the DpilF and DpilB
mutants were performed using the same counterselection method in combination with genomic trans-
formation to restore the native gene. Briefly, the erythromycin cassette in the DpilF::erm mutant was first
replaced with a pheS*-kan cassette. Confirmed DpilF::pheS*-kan mutants were then transformed with
purified genomic DNA isolated from WT S. sanguinis SK36 and plated on BHA supplemented with 15 mM
p-chlorophenylalanine. In the case of the DpilB mutant, the gene directly replaced the initial pheS*-kan
cassette and was verified by PCR. We tested both the clean and pheS*-kan DpilB mutants and observed
identical phenotypes (data not shown); therefore, the clean deletion is represented in associated figures.
All PCRs were performed using Q5 high-fidelity DNA polymerase (NEB; Ipswich, MA) according to the
manufacturer’s instructions. The MIDAS point mutations were confirmed by Sanger sequencing.

Twitching motility. The ability of S. sanguinis strains to exhibit twitching motility on agar plates was
assessed by cultivation on 80% strength Levinthal’s medium base (HiMedia Laboratories, Mumbai, India)
supplemented with defibrinated sheep blood (Colorado Serum Company, Denver, CO) to a final concen-
tration of 5%. Plates were poured and allowed to dry for 1 h on the benchtop and ,5 min in a biological
safety hood prior to inoculation. Strains grown overnight on BHA were lightly streaked onto blood agar
using sterile toothpicks. Plates were incubated in a sealed candle jar containing sterile water at the bot-
tom for 4 to 5 days at 37°C. Successive passaging was performed as follows. Bacteria at the edges of the
prior colony streaks were gently scraped with a sterile toothpick and restreaked onto fresh plates pre-
pared as described above. In experiments using iron or chelation supplements, colonies were restreaked
onto plates containing the same supplement as the original plate. Colony isolation experiments were
performed using conventional BHA, and individual colonies were propagated via broth culture in TH.

Pilus shearing and immunoblotting. Shearing of surface pili was performed as described previ-
ously with minor modifications (30). Briefly, overnight cultures were inoculated 1:200 into 100 ml TH and
incubated for the indicated period of time at 37°C in a CO2 incubator. Cell concentrations were normal-
ized to an OD600 of 1.0, and then identical volumes were pelleted by centrifugation at 6,000 relative cen-
trifugal force (rcf) for 10 min at 4°C. Cell pellets were resuspended in a Tris-NaCl buffer and transferred
to 2-ml tubes for shearing. Pili shearing was performed by mixing on a vortex at maximum speed three
times for 1 min each time. Cell debris was pelleted by centrifugation at 6,000 rcf for 5 min at 4°C, and
the supernatant transferred to ultracentrifuge tubes. Supernatants were then ultracentrifuged at

TABLE 1 List of strains used in this study

Strain Description Reference or source
SK36 Dental plaque isolate 75
SK36 DpilF::erm Isogenic pilF deletion of SK36 This study
SK36 DpilF::erm� pilF Complement of DpilF::erm This study
SK36 DpbrA::kan Isogenic pbrA deletion of SK36 38
2908 Throat isolate 20, 30
2908 DpilF::kan Isogenic pilF deletion of 2908 30
SK36 DpilB::pheS*-kan Isogenic pilB deletion of SK36 This study
SK36 DpilB Isogenic-markerless pilB deletion of SK36 This study
SK36 DpilB::pheS*-kan X pilB Complement of DpilB::pheS*-kan This study
SK36 pilB-MIDAS Point mutations in PilB D304A, S306A, and S308A This study
SK36 DssaB::kan Isogenic ssaB deletion of SK36 38
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100,000 rcf at 4°C for 1 h, the supernatant was aspirated, and the protein pellet resuspended in 20 ml
Tris-NaCl buffer for analysis by Coomassie stain or immunoblotting. Colloidal Coomassie was prepared,
and the staining performed as described for the method of Kang by Dyballa and Metzger (81).

Rabbit IgG polyclonal antibodies toward the PilE subunits were individually generated by ProSci
against peptide antigens in two different animals. Peptides were synthesized as follows: PilE1
(CDTLATDGKDKHAA), PilE2 (CKGTLADTLAKDGANNGPA), and PilE3 (CGELSKTLAADNGKIAHE). Immune
responses were validated via enzyme-linked immunosorbent assay (ELISA), and pooled serum from the
first and final bleeds was used at a 1:200 dilution for immunoblotting. Serum antibodies were detected
using IRDye 680LT goat anti-rabbit (1:10,000; Li-Cor) and imaged on an Odyssey CLx (Li-Cor).

Platelet adherence and aggregation. Platelet adherence and aggregation were performed essen-
tially as described previously (38). Platelets were obtained using fresh whole blood collected in BD
Vacutainer tubes (3.2% sodium citrate) from human donors. Binding to human platelets was determined
by resuspending overnight cultures of WT S. sanguinis and the DpilF mutant in phosphate-buffered sa-
line (PBS) to approximately 2.5 � 108 CFU/ml. The 100-ml aliquots (;2.5 � 107 CFU/well) were distrib-
uted to wells of a 96-well microtiter plate incubated for 2 h at 37°C to permit bacterial adherence.
Inoculated wells were then washed and blocked with 1% bovine serum albumin (BSA) in PBS for 1 h at
37°C. Wells were washed with Tyrode’s buffer before addition of approximately 2.5 � 107 platelets, at
which point plates were incubated for 30 min at 37°C. Nonadherent platelets were removed by washing
three times with Tyrode’s buffer, and bacteria-bound platelets were lysed by the addition of 100 ml lysis
buffer containing 10 mM p-nitrophenylphosphate (pNPP). Plates were incubated for 30 min at 37°C and
reactions stopped by the addition of 100 ml 1 M NaOH. Production of yellow nitrophenol was quantified
at an absorbance of 410 nm using a plate reader.

Aggregation was quantified via a modified light transmission aggregometry assay. Platelets in PRP
were enumerated via 100-fold dilution in 1% ammonium oxalate and adjusted to a concentration of
3 � 108 to 4 � 108/ml using autologous PPP. Concurrently, overnight cultures of S. sanguinis were pel-
leted and the supernatant removed by aspiration. Cell pellets were resuspended in filter-sterilized iso-
tonic glucose and normalized to an OD600 of 10.0 in the same solution. S. sanguinis suspensions were dis-
tributed in 10-ml aliquots to a 96-well microtiter plate in triplicate. Solutions of isotonic glucose alone or
containing 0.5 mg/ml collagen type I (CHRONO-LOG, Havertown, PA) were similarly distributed as nega-
tive and positive controls, respectively. Once the plate reader reached 37°C, 90 ml of either PRP or PPP
was rapidly added to one concomitant half of each experimental and control condition. Platelet

TABLE 2 List of primers used in this study

Primer 59–39 sequencea

Upstream_PilF.Deletion.F1 CTTTGGTCGATAACATTGCG
Upstream_PilF.Deletion.R1 CCTATTTTTTGTGAATCGGCAATGAAGATTGCCTTCAG
ErmC_PilF.Deletion.F2 GAAGGCAATCTTCATTGCCGATTCACAAAAAATAGGCACAC
ErmC_PilF.Deletion.R2 CACAGACAGGAGAAACAAATGAACGAGAAAAATATAAAACACAGTC
Downstream_PilF.Deletion.F3 GACTGTGTTTTATATTTTTCTCGTTCATTTGTTTCTCCTGTCTGTG
Downstream_PilF.Deletion.R3 AAGCTGAGTACATTGTGC
SK36_PheS.F1 GCTGGAACTACTGTCTTTCTATGACGAAAACGATTGAAGA
SK36_PheS.R1 AGCCATTGATAATATCTCCTCTACTTAAACTGCTGAGAAAAAC
KanR.F2 GCAGAAACCTTGTTCATCAACTAAAACAATTCATCCAGTAAAA
KanR.R2 AAGTAGAGGAGATATTATCAATGGCTAAAATGAGAATATCAC
pDL278_Linearization.F3 TACTGGATGAATTGTTTTAGTTGATGAACAAGGTTTCTGC
pDL278_Linearization.R3 TCTTCAATCGTTTTCGTCATAGAAAGACAGTAGTTCCAGC
PheS-Kan_SDM(A316G).F4 GAGAAATACTCTGGATTTGGTTTTGGTCTCGGTCAAGAGCG
PheS-Kan_SDM(A316G).R4 ACCAAATCCAGAGTATTTCTCTGCATCAATGC
Upstream_PilF.PheS*-Kan.F1 CTTTGGTCGATAACATTGCG
Upstream_PilF.PheS*-Kan.R1 GAATTGTTTTAGTTGATGGCAATGAAGATTGCCTTC
PilF::PheS*-Kan.F2 CACAGACAGGAGAAACAAATCCCATTATGCTTTGGCAG
PilF::PheS*-Kan.R2 GAAGGCAATCTTCATTGCCATCAACTAAAACAATTC
Downstream_PilF.PheS*-Kan.F3 CTGCCAAAGCATAATGGGATTTGTTTCTCCTGTCTGTG
Downstream_PilF.PheS*-Kan.R3 AAGCTGAGTACATTGTGC
Upstream_PilB.Deletion.F1 AACTGAATTTTGGAGTCGTTAAGAG
Downstream_PilB.Deletion.R3 CTTGGTTGAGTTGATTGTCGTAAT
Downstream_PilB.PheS*-Kan.R1 TACTGGATGAATTGTTTTAGCAAGATCTTTGGTTTGTGTC

Upstream_PilB.PheS*-Kan.F2 GACACAAACCAAAGATCTTGCTAAAACAATTCATCCAGTA
Downstream_PilB.PheS*-Kan.R2 TTAAATAGGAAAGAATGATGATCCCATTATGCTTTGGCAG
Upstream_PilB.PheS*-Kan.F3 CTGCCAAAGCATAATGGGATCATCATTCTTTCCTATTTAA
Downstream_PilB.CD.R1 TTAAATAGGAAAGAATGATGCAAGATCTTTGGTTTGTGTC
Upstream_PilB.CD.F2 GACACAAACCAAAGATCTTGCATCATTCTTTCCTATTTAA
Downstream_PilB.MIDAS.R1 CAGCTGTTTCCTTCGTTTTTGCTACAGCAGGTGCCATGGCTTATGGATTAAGGAATG
Upstream_PilB.MIDAS.F2 CATTCCTTAATCCATAAGCCATGGCACCTGCTGTAGCAAAAACGAAGGAAACAGCTG
aSegments highlighted in bold indicate the target sequence, while segments highlighted in italics indicate homologous recombination sequences. Underlined segments are
the codon sequences used for site-directed mutagenesis.
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aggregation was monitored by reading the OD595 immediately after addition of PRP or PPP and every
150 s thereafter for 40 min.

Endothelial cell adherence and invasion. Adherence and invasion assays of immortalized aortic en-
dothelial cells (iHAEC) (39) were performed largely as previously described (82). HAECs were cultured in
Medium 200 containing 10% low-serum growth supplement (LSGS) (Thermo Fisher, Waltham, MA). The
24-well tissue culture plates (CoStar 3596; Corning Incorporated, Corning, NY) were seeded in triplicate
with approximately 5 � 104 cells and incubated for 48 h at 37°C in a 5% CO2 environment prior to bacte-
rial inoculation. Overnight cultures of S. sanguinis were washed once in PBS and an equivalent volume
added to each well at a multiplicity of infection (MOI) of 50; cells were incubated for an additional 3 h as
above. Parallel plates were set up to separately evaluate bacterial adherence and invasion. To determine
bacterial adherence, infected cells were washed three times to remove nonadherent bacteria and then
lysed by incubation in 200 ml of 0.025% trypsin-EDTA for 5 min at room temperature (RT), followed by
the addition of 800 ml PBS containing 1% Tween 20 for 20 min at 37°C. Lysates were mixed vigorously
by pipetting and dilutions plated on BHA to enumerate CFU. Bacterial invasion was determined by wash-
ing cells as above and then incubating for 1 additional hour in medium containing 100 mg/ml gentami-
cin. Following gentamicin treatment to kill extracellular bacteria, cells were washed to remove gentami-
cin and lysed, and portions of the lysate were plated to quantitate intracellular bacteria.

Platelet-dependent biofilm formation. The ability of T4P to induce a platelet-dependent biofilm
representing a thrombus was evaluated using a previously reported method (51) with some modifica-
tions. PRP was generated from citrated whole blood by centrifugation at 200 rcf for 10 min, and autolo-
gous PPP was generated by centrifugation of the remaining blood components at 2,000 rcf for 20 min.
Bacterial strains grown overnight in TH were washed once in PBS and normalized to an OD600 of 1.0, and
20 ml was distributed to wells of a 96-well plate in triplicate. Prior to inoculation, PRP was mixed 1:1 with
TH and 180 ml distributed to each condition of the 96-well plate before plates were parafilmed to mini-
mize evaporation and incubated for 24 h at 37°C in an anaerobic chamber. In experiments with ADP or
aspirin, ADP was added to a final concentration of 24 mM and aspirin to a final concentration of 50 mg/
ml. After 24 h, plates were decanted and washed three times by submersion in distilled water, heat fixed
for 45 min at 60°C, and stained with 0.1% crystal violet for 15 min. Crystal violet was decanted, and
plates were washed by submersion in distilled water to remove excess crystal violet. Plates were then
inverted and allowed to dry for 5 min before solubilizing the dye by addition of 150 ml 40 mM HCl in
95% ethanol for 30 min on the benchtop. Solubilized crystal violet was transferred to unused wells and
the OD590 read using a microtiter plate reader to quantitate platelet biofilm for each well (Tecan; Infinite
M200 PRO).

Serum growth experiments. Growth experiments using rabbit serum were performed largely as
previously described (68), with some modifications. Briefly, strains were grown overnight in 80% TH/20%
rabbit serum (Corning Life Science, Corning, NY) and then adjusted to an OD600 of 1.0. The strains were
then diluted 1:10,000 into 100% rabbit serum and aliquoted in triplicate into a 96-well plate. Each sam-
ple was covered with sterile heavy mineral oil, and the OD600 was read using a microtiter plate reader ev-
ery 20 min for 15 h.

Experimental infective endocarditis. Pathogenesis of the nonpiliated SK36 pilF::erm strain was
tested using an outbred rabbit model of aortic injury as described previously (38, 54). Briefly, rabbits
were anesthetized and the carotid artery isolated, occluded at the distal end with sutures, and incised to
permit introduction of a sterile catheter. The inserted catheter was extended down the carotid until con-
tact with the aorta was achieved and then tied in place to mechanically abrade the valve for 2 h. The
catheter was then removed, and the carotid artery was tied off with sutures. Bacterial strains were pre-
pared from overnight cultures by washing and resuspension in hospital-grade saline to approximately
1 � 108 CFU/ml, and 2 ml of this solution was used to induce bacteremia via intravenous injection
through the marginal ear vein. Rabbits were monitored for 7 days postinfection. Surviving animals were
euthanized at day seven and necropsied for the development of cardiac vegetations and disseminated
organ pathology.

Ethical statement. All animal experiments were performed in accordance with the protocols of the
Institutional Animal Care and Use Committee of the University of Iowa (protocol number 1106138). The
University of Iowa is a registered research facility with the U.S. Department of Agriculture (USDA) and
complies with the Animal Welfare Act and Regulations (AWA/AWR). The facility holds an Animal Welfare
Assurance through the Office of Laboratory Animal Welfare (OLAW) and complies with PHS Policy.
Additionally, the facility is accredited through the Association for Assessment and Accreditation of
Laboratory Animal Care International (AAALACi) and is committed to comply with the Guide for the Care
and Use of Laboratory Animals.

Human platelets were acquired from the University of Iowa DeGowin Blood Center as platelet-rich
plasma (PRP). We have received approval from the University of Iowa Institutional Review Board to use
human blood components under protocol number 201902770. All samples used for this work were ano-
nymized. The patients/participants provided their written informed consent to participate in this study.
All participants were over 16 years of age.

Statistical analysis. Statistical analysis of data was performed using GraphPad Prism 8 (GraphPad
Software, San Diego, CA, United States). Significance was determined by one-way analysis of variance
(ANOVA), two-way ANOVA, Brown-Forsythe and Welch ANOVA, Mann-Whitney U test, or unpaired t test
as indicated in the figure legends. Values indicate the mean 6 95% confidence interval (CI) or standard
deviation (SD), as noted for each figure. P , 0.05 was considered significant for statistical hypothesis
testing.
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